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I i n t e n d i n t h i s review t o c o v e r o n l y t h e p r o g r e s s of t h e l a s t y e a r , w i t h s p e c i a l emphasis on developments which a r e e n t i r e l y new. I n p a r t i c u l a r , I w i l l n o t touch a t a l l on t h e g e n e r a l problem o f p r o v i n g r e n o r m a l i z a b i l i t y , which was p r e t t y w e l l s e t t l e d by l a s t summer. I w i l l a l s o n o t dwell l o n g on t h e desc r i p t i o n of s p e c i f i c models. The r e a d e r who wishes t o go back t o t h e beginnings of t h e s u b j e c t should r e f e r t o Ben L e e ' s comprehensive r e p o r t a t NAL [ I ]
o r t o t h e review a r t i c l e s by B e r n s t e i n [ 2 ] , Seghal [ 3 ] , o r Abera and Lee [4] .
One s u b j e c t t o which I w i l l d e v o t e a good d e a l of t i m e h e r e i s t h e problem o f how t h e symmetries of t h e s t r o n g i n t e r a c t i o n s a r i s e and how t h e y a r e broken by t h e weak and e l e c t r o m a g n e t i c i n t e r a c t i o n s . T h i s w i l l n e c e s s a r i l y t a k e me o u t of t h e a r e a of t h e weak and e l e c t r o m a g n e t i c i n t e r a c t i o n s p r o p e r , and i n t o t h e gauge f i e l d t h e o r y of s t r o n g i n t e r a c t i o n s , where
t r u l y r e v o l u t i o n a r y developments have r e c e n t l y occurred.
2.-MODELS AND EXPERIMENTS. -I had thought when I s t a r t e d t o p r e p a r e t h i s review t h a t I might p a s s o v e r any d i s c u s s i o n of t h e problem of choosing a s p e c i f i c gauge model f o r t h e weak and electromaznet i c i n t e r a c t i o n s . The p r o g r e s s t h a t t h e t h e o r i s t s have made i n t h i s a r e a r e c e n t l y is n o t such as t o f i l l u s w i t h much enthusiasm. However, i n j u s t t h e l a s t nonth o r s o t h e e x p e r i m e n t a l i s t s have r e -i n v ig o r a t e d u s w i t h a s e t of e x o t t i n g new r e s u l t s , and I f e e l compelled ( i f o n l y by g r a t i t u d e ! ) t o s a y a few words about t h e s t a t u s of t h e v a r i o u s models, e s p e c i a l l y i n t h e l i g h t of t h e s e new d a t a .

The rrrost d i r e c t way o f t e s t i n g gauge models i s t o look f o r t h e i n t e r m e d i a t e v e c t o r bosons. However, t h e expected masses i n any u n i f i e d t h e o r y of weak
and e l e c t r o m a g n e t i c i n t e r a c t i o n s a r e of t h e o r d e r of ~i~/~ / f i , o r roughly 10-103 GeV, and p r es e n t e x p e r i m e n t s a r e f a r from b e i n g a b l e t o produce a n y t h i n g s o heavy. The b e s t hope seems t o be t o pro-
duce them i n p r o t o n -p r o t o n c o l l i d i n g beams, and look f o r t h e l e p t o n i c decay modes [ 5 ] . ( I n p a r t i c u l a r , t h e decay of a n e u t r a l i n t e r m e d i a t e v e c t o r boson
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1973103 i n t o P+ + +-would g i v e a n e a s i l y r e c o g n i z a b l e sig n a t u r e ) .~o r s u f f i c i e n t l y l a r g e v a l u e s of t h e l e p t o n p a i r center-of-mass energy, t h e r a t e of l e p t o n p a i r
p r o d u c t i o n by i n t e r m e d i a t e v e c t o r boson decay would be a b o u t 137 t i m e s t h e e l e c t r o m a g n e t i c p r o d u c t i o n r a t e , because e v e r y i n t e r m e d i a t e v e c t o r boson decays,
presumably h a l f o r s o i n t o l e p t o n s , w h i l e a photon needs a f a c t o r e i n t h e m a t r i x element t o t u r n int o a l e p t o n p a i r . Even w i t h t h e h e l p o f t h i s f a c t o r of 137, i t s t i l l i s n o t c l e a r t h a t t h e s t r u c t u r e f u n c t i o n s h o l d up w e l l enough a t l a r g e momentum transf e r s t o g i v e a n a p p r e c i a b l e p r o d u c t i o n r a t e . T h i s problem i s s t u d i e d i n t h e p a r t o n model i n a r e c e n t paper by J a f f e anu Primack [ 6 ] .
I n t h e p r e s e n t , t h e most i m p o r t a n t e m p i r i c a l const r a i n t s o n o u r c h o i c e of a gauge model have t o do w i t h t h e e f f e c t s of v i r t u a l n e u t r a l i n t e r m e d i a t e vect o r boson. N e u t r a l v e c t o r bosons a r e unavoidable i n any t h e o r y which t r e a t s t h e l e f t -h a n d e d LJ and e a s an SU(2) d o u b l e t , because t h e corrimutator o f t h e
--4 e and e + V c u r r e n t s i s a c u r r e n t t h a t pro---duces U 4 U and e + e t r a n s
i t i o n s . I n o r d e r t o i n c o r p o r a t e electromagnetism , i t is n e c e s s a r y t o i n t r o d u c e a n o t h e r n e u t r a l v e c t o r f i e l d coupled t o th? right-handed e l e c t r o n U(1) c u r r e n t . The photon f i e l d i s t h e n a l i n e a r combination of t h e two n e u t r a l
f i e l d s , and t h e heavy n e u t r a l boson f i e l d Z i s t h e P o r t h o g o n a l l i n e a r combination. I n p a r t i c u l a r , t h e i n t e r a c t i o n of t h e Z with n e u t r i n o s i s r e a c t i o n s , such --and + e + V P t a t i o n of t h e s e --a s v + e + v e + e , u p + e + V P + e , + e , e t c . The t h e o r e t i c a l i n t e r p r eexperiments was a l r e a d y w e l l understood by l a s t summer, and t h e r e i s n o t much new t h a t needs t o be added here. One proposed experiment which h a s been u n d e r c o n t i n u i n g t h e o r e t i c a l s t u d y [8] i s t h e s e a r c h f o r w e a k -i n t e r a c t i o n e f f e c t s ( i n c l u d i n g + -p a r i t y v i o l a t i o n ) i n t h e r e a c t i o n e + e -t P + + p-.
On t h e e x p e r i m e n t a l s i d e , t h e r e is of c o u r s e t h e one --( c o u n t them, one !) e v e n t of t h e p r o c e s s + e + -up + e-, observed 191 r e c e n t l y at CERN. The background expected i n t h i s experiment was o n l y 0.03 ? 0.02 e v e n t s , s o t h i s a p p e a r s t o be d e f i n i t e e v i d e n c e f o r a n e u t r a l c u r r e n t , b u t w i t h one e v e n t , who c a n t e l l ? Taking i n t o account t h e absence of observed --V + e 4 U + e e v e n t s , t h l s experiment sets li-P P m i t s 0.1 < s i n a e < 0 . 6 , (2.3) where i s t h e y-Z mixing a n g l e , d e f i n e d by t a n s g ' / g .
(2.4) These a r e p e r f e c t l y c o n s i s t e n t w i t h t h e l i m i t s based
on e a r l i e r experiments 2 s i n 8 < 0.6 from U P + e -4 UP + e ----s i n 2 e < 0.35 from ve + e ve + ewhich were d i s c u s s e d i n ~e e ' s review l a s t summer.
I n o r d e r t o d i s c u s s t h e AS = 0 s e m i -l e p t o n i c neu-
t r a l -c u r r e n t r e a c t i o n s , i t i s n e c e s s a r y t o add more t h e o r e t i c a l assumptions. The s i m p l e s t approach i s j u s t t o i g n o r e s t r a n g e p a r t i c l e s a l t o g e t h e r , i n t h e grounds t h a t nucleons a r e mostly made o f . P and N q u a r k s , and t o put t h e l e f t -h a n d e d p a r t s of t h e $ -and N q u a r k s i n t o a d o u b l e t l i k e U and e .
Using e q u a t i o n s (2.1) and (2.2), one e a s i l y f i n d s t h e n t h a t t h e e f f e c t i v e neutrino-nucleon Z-exchange i n t e r a c t i o n i s [lo] where g and g' a r e t h e gauge c o u p l i n g c o n s t a n t s a s s o c i a t e d with t h e SU(2) and U(1) groups. I f you add a n a d
d i t i o n a l assumption, t h a t t h e gauge invar i a n c e is broken i n t h e s i m p l e s t p o s s i b l e way by a s c a l a r f i e l d d o u b l e t , t h e n you have t h e o l d model of l e p t o n s [ 7 ] , and t h e Z-mass i s given by Note t h a t i n t h i s model you c a n n o t g e t r i d of t h e Z
by : u k i n g i t heavy, because i t s c o u p l i n g s t h e n become s t r o n g .
Of c o u r s e , t h i s SU(2) @ U(1) model i s o n l y one t h e o r y o u t of an i n f i n i t y of p o s s i b i l i t i e s , b u t i t p r o v i d e s a c o n v e n i e n t framework f o r d i s c u s s i n g t h e
v a r i o u s e x p e r i m e n t a l s e a r c h e s f o r n e u t r a l c u r r e n t s .
Afterwards, I w i l l come back t o some o f t h e o t h e r p o s s i b l e models.
From a t h e o r i s t ' s p o i n t o f view, t h e s i m p l e s t t e s t f o r n e u t r a l c u r r e n t s i s i n p u r e l y l e p t o n i c where i s t h e a n g l e (2.4) ; J~ i s t h e electromag n e t i c c u r r e n t ; and 7 i s t h e V-A i s o s p i n c u rr e n t U n t i l r e c e n t l y , most a t t e n t i o n was f o c u s s e d o n exclus i v e r e a c t i o n s , l i k e V + p + v + p , U + p 4 V + n + 7 t ' e t c . F o r some o f t h e s e , model independent c a l c u l at i o n s a r e p o s s i b l e , based on u s i n g i s o s p i n i n v a r i a n c e t o g e t h e r w i t h measurements of charge-exchange weak RECENT PROGRESS I N GAUGE THEORIES ...
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i n t e r a c t i o n processes. I n o t h e r c a s e s , heavy use l e a s t t h e shadow of a s u s p i c i o n t h a t something l i k e must be made of dynamical assumptions, such a s Ad o~~u n a n c e , e t c . These a n a l y s e s a r e complicated, and have not changed much s i m e l a s t summer, s o I w i l l simply r e f e r you t o e x c e l l e n t r e c e n t reviews by Baltay and Paschos [ l l ] . I t appears t h a t none of t h e s e exclusive experiments provides conclusive evidence f o r o r a g a i n s t n e u t r a l AS = 0 c u r r e n t s [12] .
The major new d a t a on n e u t r a l c u r r e n t s of t h e l a s t few months comes from i n c l u s i v e n a t r i n o r e a c t i o n s , -V+N + u + X and v + N 4 7 + X . There a r e now t h r e e s e p a r a t e p o s i t i v e r e s u l t s : From t h e CERN v-beam [13] where I n o r d e r t o i n t e r p r e t t h i s d a t a , it is n a t u r a l t o a d j u s t a n a i v e q u a r k model, which i s known t o work well f o r the r e a c t i o n s C(V+N 4 p-+ X ) and ~; F + N 4 p++ X ). Eq. (2.5) then gives immediately [15] R = -- The CERN and NAL d a t a a r e c o n s i s t e n t with (2.9) and 2 (2.10) and each o t h e r , with s i n ' 3 between 0.3 and 0.4.lhe data a r e a l s o c o n s i s t e n t with t h e l e s s modeldependent a n a l y s e s [16] of P a i s and Treiman (which g i v e s R 2 0.24) and of Paschos and Wdlfenstein(which g i v e s R 2 0.18 and _> 0.39).
I t is perhaps premature t o conclude from a11 t h i s t h a t n e u t r a l c u r r e n t s have r e a l l y a t l a s t been observed. There may be some mysterious source of background contaminating a l l t h e s e experiments. I t i s c e r t a i n l y too e a r l y t o conclude t h a t t h e o l d model of l e p t o n s i s r e a l l y c o r r e c t . However, t h e r e i s now a t 2 a n SU(2) @ U(1) model, with s i n e of o r d e r 0.3, may not be so f a r from t h e t r u t h . This would be a very d i s q u i e t i n g conclusion t o reach. The SU(2) @ U(1) model h a s one v i r t u e -i t g i v e s t h e simplest p o s s i b l e l e p t o n spectrum. Against t h i s , we must s e t s e v e r e disadvantages, with regard both t o e m p i r i c a l and a e s t h e t i c considerations. I w i l l remind you of some of t h e s e problems, and u s e them t o e x p l a i n t h e motivations f o r some of t h e o t h e r e x t a n t models.
With regard t o consistencywith experiment, t h e most s e r i o u s problem faced by t h e SU(2) @ U(1) model has t o do with t h e strangeness -changing n e u t r a l curr e n t s . I t i s impossible t o simply follow Cabibbo, and make o u r d o u b l e t o u t of $ and N cosec + h s i n e c , because then the Z would connect N cosec + A s i n e c with i t s e l f , producing AS = 2 non-leptonic and AS = 1 , AQ = 0 semileptonic r e a c t i o n s of f i r s t o r d e r i n GF , i n v i o l e n t disagreement with experiment.
I n g e n e r a l , there seems t o be j u s t t h r e e p o s s i b l e ways The neutrino-hadron i n t e r a c t i o n s t i l l t a k e s t h e form (2.5), but t h e c u r r e n t 7' now-receives contributionsfrom both d o u b l e t s , so t h a t a l l a h and h N terms c a n c e l i n h J 3
, l e a v i n g T h i s a g a i n l e a d s t o t h e r e s u l t s (2.9) and (2.10) i n t h e p a r t o n model, providing we a g a i n assume ( a s i s c o n s i s t e n t with t h e d a t a on Y+N p-+X and ;+N 4 p++ X) t h a t nucleons c o n s i s t p r i m a r i l y of $ and N quarks, s o t h a t , t h e $' a s w e l l a s t h e h terms may be dropped. Of c o u r s e , we do not have t o s t o p with a f o u r t h quark -by adding v a r i o u s numbers of new quarks a n d / o r l e p t o n s , we can b u i l d gauge mod e l s on almost any gauge group we l i k e , and thereby exclude v a r i o u s o t h e r n e u t r a l c u r r e n t i n t e r a c t i o n s .
Most of t h e s e models were a l r e a d y i n hand l a s t sumut?r, and s i n c e t h e r e i s now no c o m p e l l i n g e x p e r i m e n t a l Although t h e r e a r e c l e a r l y s e v e r a l ways of s a v i n g e v i d e n c e t h a t e x c l u d e s n e u t r a l c u r r e n t s , I w i l l j u s t l i s t a sample [19] of models w i t h e x t r a quarks. The s i t u a t i o n may become c l a r i f i e d e x p e r i m e n t a l l y by t h e d i s c o v e r y of d i r e c t e f f e c t s of t h e new quarks ; n o t e t h a t t h e $' c a n n o t be t o o heavy o r e l s e nS = 2 non-leptonic p r o c e s s e s w i l l b e i n s u f f i c i e n t l y supp r e s s e d [20] . A number of r e c e n t t h e o r e t i c a l s t ud i e s i n d i c a t e very promising p o s s i b i l i t i e s f o r f i nd i n g e f f e c t s of e x o t i c quarks i n n e u t r i n o r e a c t i o n s [21 I.
i i ) We c a n t a k e (93,N) and ($,A) a s d o u b l e t s with r e s p e c t t o two d i f f e r e n t commuting SU(2) gauge g r o u p s , s o t h a t one n e u t r a l v e c t o r boson i n t e r a c t s -w i t h PN and t h e o t h e r with h h , b u t none w i t h fi.
However, t h i s i s i m p o s s i b l e i f t h e $ i n t h e two d o u b l e t s a r e t h e same, because t h e n t h e two d i f f er e n t S u ( 2 ) c u r r e n t s w i l l not commute, and t h e com- i n which t h e $ i n t h e two d o u b l e t s a r e d i f f e r e n t because one d o u b l e t , s a y (f,N), i s l e f t -h a n d e d and t h e o t h e r , ($,A), i s right-handed. The AS I 0 semil e p t o n i c weak i n t e r a c t i o n s would t h e n have t h e u s u a l V-A form, w h i l e t h e AS = 1 i n t e r a c t i o n s would be V+A . T h i s does n o t seem t o a g r e e w i t h experiment [23] , which i s a p i t y because the pseudo-Cabibbo i d e a would o t h e r w i s e provided a n extremely economic a l s o l u t i o n t o t h e problem o f n e u t r a l s t m n g e n e s schanging c u r r e n t s .
i i i ) We can t r y t o change t h e r u l e s , s o t h a t t h e weak i n t e r a c t i o n s o f t h e hadrons a r e not d i r e c t l y determined by t h e i r t r a n s f o r m a t i o n p r o p e r t i e s under t h e gauge group. T h i s i s t h e c a s e i n t h e models s t ud i e d by BaXs, Halpern, and Yoshimura [24] , where t h e weakly i n t e r a c t i n g v e c t o r bosons do not c o u p l e d ir e c t l y t o t h e q u a r k s o r baryons, b u t through mixing w i t h a s e t of s t r o n g l y i n t e r a c t i n g gauge bosons p, A l , K*, e t c . Such t h e o r i e s a l l o w more t h a n enough f l e x i b i l i t y t o avoid any c o n f l i c t w i t h experiment.
I n p a r t i c u l a r , i t i s p o s s i b l e t o keep t h e SU(2) Q U f l ) d e s c r i p t i o n of l e p t o n s and weakly i n t e r a c t i n g i n t e r m e d i a t e v e c t o r bosons, and s t i l l choose t h e s c a l a r f i e l d vacuum e x p e c t a t i o n v a l u e s s o t h a t t h e n e u t r a l s e m i -l e p t o n i c i n t e r a c t i o n s have AS = 0 b u t n o t AS z 1 . Such a t h e o r y would behave j u s t l i k e t h e o l d model of l e p t o n s i n most experiments, i n c l ud i n g t h e n e u t r i n o e x p e r i m e n t s d i s c u s s e d above. I
have c e r t a i n r e s e r v a t i o n s a b o u t models of t h i s gener a l t y p e , which I w i l l e x p l a i n below i n s e c t i o n 8, t h e SU(2) Q U(1) model from t h e problem of n e u t r a l s t r a n g e n e s s -c h a n g i n g c u r r e n t s , and a 1 though i t f a c e s no o t h e r c o n c l u s i v e c o n t r a r y e x p e r i m e n t a l d a t a a t p r e s e n t [la], t h e r e a r e s t i l l a e s t h e t i c r e a s o n s f o r b e i n g d i s s a t i s f i e d w i t h SU(2) Q U(1) model. The group SU(2) 8 U(1) i s n o t simple, s o t h e r e i s no p r i n c i p l e which imposes any s p e c i a l r e l a t i o n between t h e gauge c o u p l i n g c o n s t a n t s g and g' . T h i s would n o t b o t h e r u s i f t h e t h e o r y were merely t o be t a k e n a s a n i n t e r i m phenomenological model, b u t i f i t is t r u l y a fundamental t h e o r y , i t ought n o t t o i n v o l v e a n a r b i t r a r y mixing a n g l e l i k e (2.4). One way Lo e l i m i n a t e t h i s a r b i t r a r i n e s s i s t o r e d u c e t h e group from SU(2) Q U(1) t o j u s t SU(2) , a s i n t h e GeorgiGlashow model [19] . I n such a t h e o r y t h e s i n g l e neut r a l v e c t o r boson must be t h e photon, s o t h e c o n f i rmation of n e u t r a l c u r r e n t e f f e c t s would c l o s e o f f t h i s r o u t e . Another approach i s t o e n l a r g e t h e SU(2)
Q U(1) group t o some simple group of which SU(2) 8 U(1) i s a subgroup. S p e c i f i c a l l y , i t h a s been sugg e s t e d [25] t h a t t h e f u l l weak and e l e c t r o m a g n e t i c gauge group might be SU(3) Q SU(3) Q P (where P is p a r i t y ) , w i t h t h e l e f t and r i g h t handed p a r t s o f t h e t r i p l e t (pf, V , e-) forri~ing t h e r e p r e s e n t a t i o n s S i n c e t h e r e i s supposed t o be only one gauge c o u p l i n g c o n s t a n t , t h e only way t o s u p p r e s s t h e i n v e n t e d proc e s s e s i s t o assume t h a t t h e c o r r e s p o n d i n g symmetries a r e broken v e r y s t r o n g l y , s o t h a t t h e s e gauge bosons have u n u s u a l l y l a r g e masses.
The r e l a t i v e l y weakly broken symmetries would form a subgroup which would approximately d e s c r i b e t h e observed weak an3 e l e c t r omagnetic i n t e r a c t i o n s . I f t h i s subgroup happened t o b e SU(2) Q U(1), we would e x p e c t t h e o l d model of l e p t o n s t o work p r e t t y w e l l , b u t w i t h t h e mixing a n g l e f i x e d by t h e l a r g e r SU(3) Q SU(3) Q P s t r u c -2 t u r e t o have t h e v a l u e [25 1 s i n = 0.25. I t i s i nt r i g u i n g t h a t t h i s f a l l s r i g h t i n t h e r a n g e s u g g e s t e d by experiment. However, i t i s f l i f f i c u l t t o t a k e t h i s 7tsuccess" v e r y s e r i o u s l y , because t h e c h a r g e o p e r a t o r a p p e a r s i n t h e l e p t o n i c SU(3) Q SU(3) group i n a n e n t i r e l y d i f f e r e n t way t h a n i n t h e u s u a l h a d r o n i c SU(3) Q SU(3), s o t h a t i t a p p e a r s i m p o s s i b l e t o e x t e n d t h i s t h e o r y d i r e c t l y t o hadrons. N e v e r t h e l e s s , t h e a e s t h e t i c argument a g a i n s t SU(2) Q U(1) a s a fundamental gauge group seems t o me s o s t r o n g t h a t RECENT PROGRESS I N GAUGE THEORIES ...
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I suspect we may have t o come back t o some theory with a l a r g e r simple gauge and a h i e r a r c h y of weak i n t e r a c t i o n s t r e n g t h s a s s o c i a t e d with a h i e r a r c h y of spontaneous symmetry breaking. For t h i s reason, I
would urge t h e e x p e r i m e n t a l i s t s t o be on t h e lookout f o r small v i o l a t i o n s of "acceptedm t r u t h s about t h e weak i n t e r a c t i o n s , such a s t h e two-component n e u t r i n o and t h e c o n s e r v a t i o n of muon number.
Another problem with S U (~) 8 U(1) i s t h e p o s s i b l e presence of Adler-Bell-Jackiw anomalies. There a r e o t h e r gauge groups which never have t h i s problem, but t h e anomalies c a n be c a n c e l l e d i n any gauge theo- have proposed i n t e r e s t i n g and r a t h e r d i f f e r e n t mechanisms f o r spontaneous v i o l a t i o n of CP i n v a r i a n c e , i n which t h e observed CP v i o l a t i n g e f f e c t s a r e autom a t i c a l l y small?
There i s a l s o the old problem of t h e A1 z 1/2 r u l e i n non-leptonic weak decays.B,Lee and Treiman [29] have suggested t h a t t h e dominant non-leptonic i n t e r a c t i o n s a r i s e from 'Biggs" s c a l a r boson exchange r a t h e r than v e c t o r exchange, and p o i n t o u t t h a t t h e s c a l a r exchange can have a pure A 1 rr. 1/2 s t r u c t u r e .
However, t h e complications caused by t h e s t r o n g in- I n my view, t h e most important c r i t i c i s m of t h e SU(2) €3 U(1) model, and a l s o of a l l o t h e r e x i s t i n g gauge models, i s t h a t none of these t h e o r i e s is suff i c i e n t l y n a t u r a l . That i s , t h e parameters i n t h e s e t h e o r i e s have t o be c a r e f u l l y rigged s o a s t o achieve even a q u a l i t a t i v e agreement with experiment. I n part i c u l a r , t h e s e models a l l c o n t a i n small parameters, such a s me/m o r (9 -mN) / fip , which we f e e l
I-'
ought t o be c a l c u l a b l e i n any fundamental theory, but which i n t h e e x i s t i n g t h e o r i e s have t o be put i n by hand. This problem i s discussed i n d e t a i l i n s e c t i o n s 7 and 8, and v a r i o u s kinds of n a t u r a l gauge theory a r e described t h e r e , but so f a r none of them i s very r e a l i s t i c . W e need a t h e o r y t h a t is both n a t u r a l and r e a l i s t i c , but s o f a r t h i s has eluded us.
3.-DERIVATIONS OF GAUGE INVARIANCE FROM HIGH-ENERGY
CONSTRAINTS.
-A number of a u t h o r s have independentl y c a r r i e d out c a l c u l a t i o n s which shed light on t h e p h y s i c a l s i g n i f i c a n c e of spontaneously broken gauge symmetry. I t i s w e l l known [30] t h a t t h e t r e e graphs i n both t h e Fermi and a l l i n t e r m e d i a t e v e c t o r boson t h e o r i e s grow r a p i d l y with energy, s o t h a t i n o r d e r t o save u n i t a r i t y we must abandon p e r t u r b a t i o n theor y above e n e r g i e s of o r d e r 300 GeV. I t i s a l s o well known [3i] t h a t when t h e couplings and p a r t i c l e spectrum s a t i s f y t h e c o n s t r a i n t s imposed by a spontaneously broken gauge theory, t h e r e appear wonderful c a n c e l l a t i o r s w h i c h s a v e p e r t u r b a t i v e u n i t a r i t y a t a l l [33], a n d Joglekan. [34] i s t h a t t h i s argument may be turned around, s o t h a t by r e q u i r i n g t h e s e c a n c e l l a t i o n s one can recover a l l the f a c t s about t h e couplings and spectrum which were previously derived d i r e c t l y from t h e broken gauge symmetry.
For-i n s t a n c e , suppose t h a t we have a s e t of massive spin-one bosons W; and spin-zero bosons (Ji , with an i n t e r a c t i o n Lagrangian of t h e form
where A,B ,C ,D a r e g e n e r a l r e a l c o e f f i c i e n t s . Then t h e demand f o r p e r t u r b a t i v e u n i t a r i t y i n t h e process and (3.5) simply t e l l u s t h a t t h e C ' s a r e t h e s t r u ct u r e c o n s t a n t s of some Lie group G ; Equations (3.2), (3.3), and (3.6) r e q u i r e t h a t t h e W s e l f i n t e r a ct i o n s a r e t h e same a s i n a Yang-Mills Lagrangian based on t h e gauge group G ; and t h e f i n a l c o n d i t i o n r e l a t e s t h e s t r e n g t h of t h e a W W coupling t o t h e s t r e n g t h of t h e v i o l a t i o n of l o c a l G-invariance by t h e v e c t o r masses. Other c o n s t r a i n t s i n t h e @ -W couplings and a-m couplings a r e derived by making s i m i l a r demands on t h e r e a c t i o n s (PW -t *W , + @a, e t c . , and of c o u r s e s t i l l more c o n s t r a i n t s a r e gen e r a t e d i f we include fermions.
A l l t h e s e c o n s t r a i n t s a r e s a t i s f i e d [31] i f t h e 
t the c o s t of changing t h e c o n s t r a i n t s . Neuert h e l e s s , d e s p i t e t h e s e words o f c a u t i o n , i t seems t o me t o be h i g h l y l i k e l y t h a t t h e only t h e o r i e s of massive s p i n one p a r t i c l e s which s a t i s f y the requirements of p e r t u r b a t i v e u n i t a r i t y a r e ( a s i d e from
Abelian gluons) j u s t those d e s c r i b e d by a spontaneousl y broken gauge symmetry.
A somewhat d i f f e r e n t approach i s taken by Sucher and WOO [35] . They i n t r o d u c e a n unphysical s c a l a r f i e l d , i n such a way a s t o c a n c e l the l o n g i t u
d i n a l p a r t of t h e v e c t o r meson propagator. The c o n d i t i o n t h a t unphysical p a r t i c l e s not be produced i n c o l l is i o n s of o r d i n a r y p a r t i c l e s then l e a d s t o t h e const r a i n t s c h a r a c t e r i s t i c of a spontaneously broken gauge symmetry. There is l i t t l e doubt t h a t t h i s approach i s e q u i v a l e n t t o t h a t of r e f e r e n c e s (32-34)
and j u s t correspondsto s t a r t i n g o u t i n a renormal i z a b l e gauge and demanding u n i t a r i t y , r a t h e r than s t a r t i n g o u t i n a u n i t a r y gauge and demanding renorm a l i z a b i l i t y . However, Sucher and Woo go on t o argue a g a i n s t t h e e x i s t e n c e of any p h y s i c a l gauge symmetry i n such t h e o r i e s . I t seems t o me t h e p o i n t i s moot ; u n l e s s someone can f i n d a d i f f e r e n c e between t h e res u l t s of r e f e r e n c e s (32 -35) and t h e r e s u l t s of spontaneously broken gauge t h e o r i e s , it i s j u s t a matter of words whether one says t h a t t h e s e "really" a r e spontaneously broken gauge symmetries i n t h e s e t h e o r i e s . Of c o u r s e , i t would be extremely i n t e r e st i n g and important i f such a d i f f e r e n c e could be found, and t h i s i s not o u t of t h e q u e s t i o n , because a s f a r a s I know t h e r e i s no general theorem proving t h e equivalence of r e n o r m a l i z a b i l i t y and perturbat i v e u n i t a r i ty.
Apart from t h e fundamental q u e s t i o n i t r a i s e s , t h e work of r e f e r e n c e s (32 -35) a l s o s u g g e s t s a n e x p l a n a t i o n f o r t h e o b s e r v a t i o n by Gervais, Neveu, and Scherk [36] t h a t d u a l model i n t h e l i m i t of z e r o Regge s l o p e give t h e same r e s u l t s a s gauge mod e l s f o r processes l i k e WW -t WW . I n t h e z e r o s l o p e l i m i t t h e d u a l models e s s e n t i a l l y j u s t say t h a t t h e s c a t t e r i n g amplitude i s a sum of a f i n i t e number of t r e e graphs with asymptotic behaviour no worse t h a n given by Regge exchange. These a r e j u s t t h e assumpt i o n s needed i n r e f e r e n c e s (32 -34) 
t o d e r i v e t h e c o n s t r a i n t s c h a r a c t e r i s t i c of a gauge theory.
4.-REGGEIZATION OF GAUGE THEORIES. -A group a t Brandeis 1371 has d i s c o v e r e d a f u r t h e r remarkable
connection between spontaneously broken gauge symmetry and high-energy behaviour. Some y e a r s ago, i t was noted [38] t h a t a p a r t i c l e c a n be elementary, i n t h e sense t h a t i t s f i e l d appears i n t h e Lagrang i a n , and y e t c a n a l s o l i e on a Regge t r a j e c t o r y .
T h a t is, i f we w r i t e t h e t r a j e c t o r y f u n c t i o n a ( s ) a s a power s e r i e s i n t h e coupling c o n s t a n t with zeroth-order term e q u a l t o t h e p a r t i c l e s p i n j , t h e n t h e Regge-pole formulas f o r s c a t t e r i n g ampli-
tudes may be c o n s i s t e n t o r d e r -by o r d e r with t h e r e s u l t s of p e r t u r b a t i o n theory. O f c o u r s e , i f t h e lowest o r d e r diagram i s a t r e e graph with a s p i n j p a r t i c l e i n t h e s-channel, t h e l o w e s t -o r d e r -p a r t i a l
wave amplitude a ( s , J ) w i l l have a Kronecker d e l t a f a c t o r GJj , which must be i n t e r p r e t e d a s t h e zeroth o r d e r term i n t h e q u a n t i t y
A necessary c o n d i t i o n f o r Reggeization i s t h a t t h e r e s i d u e a t t h e p o l e a t a ( s ) = J should f a c t o r i z e i n t o a product of f a c t o r s depending only on i n i t i a l and f i n a l s t a t e h e l i c i t i e s , r e s p e c t i v e l y . I t turned o u t t h a t t h i s f a c t o r i z a t i o n c o n d i t i o n i s i n f a c t s a t i s f i e d f o r s p i n 1 / 2 p a r t i c l e s i n a renormalizable
theory i n which t h e fermions i n % e r a c t with massive n e u t r a l v e c t o r mesons. However, very few such RECENT PROGRESS I N GAUGE THEORIES ...
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examples could be found. I n p a r t i c u l a r , i n a massive Yang-Mills theory with i s o s p i n 1/2 s p i n 1/2 "fer-
mions" , t h e f a c t o r i z a t i o n c o n d i t i o n was s a t i s f i e d f o r t h e fermion pole i n fermion-vector s c a t t e r i n g , b u t not f o r t h e v e c t o r pole i n vector-vector s c a t -
t e r i n g [39] .
I n s p i r e d i n p a r t by t h e connection between d u a l i t y and gauge i n v a r i a n c e mentioned i n t h e l a s t s e c t i o n , G r i s a r u , S c h n i t z e r and Tsao [37] have now examined a r e n o m a l i z a b l e YargMillS the0 r y , based again on t h e i s o s p i n gauge group, but with t h e v e c t o r lllesons r e c e i v i n g t h e i r mass from t h e vacuum e x p e c t a t i o n val u e s of a s c a l a r m u l t i p l e t .
They f i n d t h a t t h e fact o r i z a t i o n c o n d i t i o n s a r e now s a t i s f i e d f o r t h e f e rmion pole i n fermion-vector s c a t t e r i n g and a l s o f o r t h e vector pole i n vector-vector s c a t t e r i n g . The fact o r i z a t i o n c o n d i t i o n i s s a t i s f i e d f o r t h e s p i n 0
pole i n vector-vector s c a t t e r i n g , but t h i s may be a f u n c t i o n of t h e p a r t i c u l a r choice of m u l t i p l e t .
Apparently the whole apparatus of the spontaneously broken gauge theory including t h e s c a l a r exchange terms, i s necessary t o produce t h e d e l i c a t e c a n c e ll a t i o n s needed f o r factor-ation i n vector-vector s c a t t e r i n g .
A l l t h i s only goes t o show t h a t c e r t a i n necessary c o n d i t i o n s a r e ne t. Mandel stam [401 has proposed c e r t a i n c r i t e r i a a s s u f f i c i e n t c o n d i t i o n f o r Reggeization.
These c o n d i t i o n s a r e met h e r e f o r t h e v e c t o r and s p i n o r p a r t i c l e s ( b u t not f o r t h e s c a l a r ) s o we m y
conclude t h a t Reggeization r e a l l y does occur here.
I n c i d e n t a l l y t h e Mandelstam c o n d i t i o n s a r e a l s o sat i s f i e d by t h e v e c t o r mesoils i n t h e o r d i n a r y massive
Yang-Mills theory, which c e r t a i n l y does not Reggeize, but the f a i l u r e of Reggeization t h e r e i s believed [37] t o be due t o t h e non-renormalizability of t h e theory.
W e n a t u r a l l y t h i n k of Reggeization a s having t o do with s t r o n g i n t e r a c t i o n s , b u t t h e above c o n s i d e r a t i o r s ;nay becone a p p l i c a b l e to t h e weak and electromagnetic i n t e r a c t i o n s a s w e l l , i f t h e s e r e a l l y a r e described by non-Abeliangauge t h e o r i e s . S c h n i t z e r [4l] notes that t h e e l e c t r o n would be expected t o l i e on a t r a j e c t o r y with s l o p e of the o r d e r of t h e Fermi coupling
G~ '
s o t h a t t h e t r a j e c t o r y would c r o s s J = 3/2 a t a n energy of o r d e r 300 GeV !
-D Y NAMICAL BREAKDOWN OF GAUGE SYMMFTRIES. -Usually we suppose t h a t t h e spontaneous breakdown of gauge symmetries occurs because c e r t a i n s c a l a r f i e l d s i n t h e theory develop non-vanishing vacuum e x p e c t a t i o n values. However, t h e s e s c a l a r f i e l d s a r e extremely troublesome when i t comes t o making models of t h e r e a l world. For one t h i n g , a f t e r e l i m i n a t i o n of t h e
Goldstone bosons by an a p p r o p r i a t e choice of gauge, t h e r e w i l l be l e f t over c e r t a i n p h y s i c a l s c a l a r part i c l e s , none of which have been seen i n experiments.
Weshow i n t h e l a s t s e c t i o n t h a t t h e s e s c a l a r s d o n ' t
Reggeize, a t l e a s t i n t h e models s o f a r examined,
and we s h a l l s e e i n t h e following s e c t i o n s t h a t they can mess up d e s i r a b l e p r o p e r t i e s such a s p a r i t y c o n s e r v a t i o n and asymptotic freedom, Worst of a l l from t h e point of view of t h e model b u i l d e r is t h e too g r e a t freedom t h a t they g i v e u s -even a f t e r choosing a gauge group and a fermion m u l t i p l e t , we can do almost anything we l i k e with the p l~y s i c a l w n t e n t of t h e theory by a n a p p r o p r i a t e choice o f s c a l a r n u l t i p l e t and s c a l a r self-couplings. For a l l t h e s e reasons, i t i s i n t e r e s t i n g t o s e e how f a r we can r e t u r n t o the o r i g i n a l s p i r i t of Nambu and Jona-L a s i n i o [42 ] and understand t h e spontaneous breakdown of gauge symmetries i n p u r e l y dynamical terms.
A rf~ajor s t e p i n t h i s d i r e c t i o n h a s been taken i n independent work of Jackiw and Johnson [43] and Cornw a l l and Norton [44 1 . I n o r d e r t o s e e t h e key points. i n t h i s work, l e t u s c o n s i d e r t h e c a s e of an Abelian gauge group, with a s i n g l e gauge f i e l d AP coupled t o a conserved c u r r e n t of some s o r t o r other. Current c o n s e r v a t i o n r e q u i r e s t h e proper self-energy p a r t npV t o take t h e form
The complete v e c t o r propagator w i l l then be (The qP qv terms a r e of c o u r s e gauge dependent).
This appears t o have a pole a t q2 = 0 , but a s pointed o u t long ago by Schwinger t h e p o l e can 2 be k i l l e d i f ll ( q i t s e l f has a pole a t q2 Z 0 . 
However, we s t i l l have t o worry about t h e e f f e c t s of t h e massless Goldstone boson. Suppose we c o n s i d e r
some r e a c t i o n i -t f which could have t h e Goldstone boson and the AP v e c t o r boson a s s i n g l e -p a r t i c l e i n t e r m e d i a t e s t a t e s i n t h e s-channel. The s c a t t e r i n g amplitude can be decomposed i n t o t h r e e terms :
where T : : ) is t h e sum of a l l graphs with n e i t h e r v e c t o r boson nor Goldstone boson p o l e s i n t h e s-channel TC2) i s t h e sum of a l l graphs with a Goldstone f i boson p o l e but no v e c t o r boson pole i n t h e s-channel TC3) i s t h e sum of a l l graphs with a v e c t o r boson f i p o l e i n t h e s-channel.
W e can a l s o w r i t e where rf and Ti a r e t h e sums of a l l v e r t e x graphs connecting .the f i n a l and i n i t i a l s t a t e s f w i t h the
Goldstone boson, excluding graphs with a v e c t o r o r a Goldstone boson pole i n the s-channel, and a r e
t h e r e f o r e r e g u l a r a t q = 0 . F u r t h e r , we have where r: and rl a r e t h e sums of a l l v e r t e x graphs connecting t h e f i n a l and i n i t i a l s t a t e s with t h e vect o r boson, excluding graphs with a v e c t o r boson i n t h e s-channel. The c r u c i a l p o i n t now i s t h a t r f P and Ti,, do have Goldstone boson poles, s o they a r e not r e g u l a r a t q = 0 . I n s t e a d , we have where ? i s t h e sum of t h e graphs which do n o t f P c o n t a i n t h e Golstone pole, and rf and F a r e t h e q u a n t i t i e s appearing above i n equations (5.7) and (5.4). Keeping i n mind t h a t t h e c u r r e n t i s conserved, s o t h a t qprfy vanishes, we f i n d a f t e r a l i t t l e a lgebra t h a t Eq.(5.3) then shows t h a t the s i n g u l a r i t y i n (5.9) a t q2 = 0 c a m e l s t h e s i n g u l a r i t y i n (5.6), and t h e Goldstone boson t h e r e f o r e does n o t appear a s a t r u e intermedia t e s t a t e . A 1 1 t h i s a p p l i e s t o any theory i n which t h e gauge symmetry can be spontaneously broken a s a g l o b a l , a s dimensional electrodynamics with vanishing bare "electron" mass, which was t h e example considered by Schwinger [45] . There i s a l s o a wide v a r i e t y of four-dimensional-t h e o r i e s which meet t h i s c r i t e r i o n , including a x i a l -v e c t o r electrodynamics ( i . e . , with photons coupled t o y5YP 9 ) which was t h e example considered by Jackiw and Sohnson [431 , and a n SO(2) gauge theory with two fermions, which was t h e example considered by Cornwall and Norton [44] . However, i t does n o t appear p o s s i b l e f o r t h e photon i n ordinary quantum electrodynamics t o g e t a mass i n t h i s way, because t h e spontaneous appearance of an elect r o n mass would break c h i r a l i t y but n o t charge cons e r v a t i o n , so t h a t t h e Goldstone bosom would have t h e wrong p a r i t y .
So f a r , these c o n s i d e r a t i o n s a r e very g e n e r a l , and do n o t depend on t h e mechanism by which t h e symmetry i s spontaneously broken. I n t h e f a m i l i a r model t h e r e i s a m u l t i p l e t @.
of s c a l a r f i e l d s , some of which may develop vacuum e x p e c t a t i o n v a l u e s and thereby break the symmetry. I t i s well-known ( f o r i n s t a n c e ,
from t h e ff -model [46]) t h a t t h e c o u p l i n g F of a Goldstone boson t o t h e corresponding c u r r e n t i s then p r o p o r t i o n a l t o t h e product of t h e gauge coupling
c o n s t a n t g times some s c a l a r f i e l d vacuum expecta- Of c o u r s e , t h e r e a l p o i n t of t h e a n a l y s i s described
above i s t h a t i t allows u s t o d e a l with t h e o r i e s i n which t h e Goldstone boson i s represented by a f i e l d i n t h e Lagrangian but is a t r u e bound s t a t e . However, t h i s poses a problem i f we want t o apply these i d e a s t o t h e o r i e s o f t h e weak and electroma-
g n e t i c i n t e r a c t i o n s , because we would normally not expect zero-mass bound s t a t e s t o form u n l e s s t h e f o r c e s were s u f f i c i e n t l y s t r o n g . There is one poss i b l e s o l u t i o n , suggested independently by Jackiw and Johnson [431 and Cornwall and Norton [ 4 4 j . I n a theory l i k e a x i a l v e c t o r electrodynamics, t h e k e r n e l of t h e Bethe-Salpeter e q u a t i o n f o r fermiona n t i f e r m i o n s c a t t e r i n g i s n o t compact i n t h e l a d d e r
approximation, s o t h e r e is no theorem t h a t s a y s t h a t t h e zero-energy bound s t a t e s occur f o r only a d i s -
c r e t e s e t of s u f f i c i e n t l y s t r o n g c o u p l i n g c o n s t a n t s .
I n s t e a d i t i s found t h a t zero-energy bound s t a t e s e x i s t f o r v a l u e s of t h e c o u p l i n g , p r o v i d i n g o n l y t h a t t h e r e i s a v e c t o r p a r t i c l e exchanged i n
t h e cross-channel w i t h a c o u p l i n g l a r g e r t h a n t h e a x i a l -v e c t o r c o u p l i n g [42] . T h i s i s n o t a n e n t i r el y s a t i s f a c t o r y s o l u t i o n , though, because i f t h e Bethe-Salpeter k e r n e l r e a l l y a l l o w s such a homoge- 
I t h a s n o t y e t been p o s s i b l e t o develop a complete p e r t u r b a t i v e formalism f o r d o i n g c a l c u l a t i o n s i n t h e s e t h e o r i e s . For t h i s r e a s o n , i t i s perhaps premature t o a s k whether massive gauge t h e o r i e s w i t h o u t
elementary s c a l a r s a r e r e n o r m a l i z a b l e . N e v e r t h e l e s s ,
I doubt t h a t they a r e . A s d i s c u s s e d e a r l i e r , i n o r d e r t o have r e a s o n a b l e asymptotic behaviour i n t h e t r e e approximation, i t i s a b s o l u t e l y n e c e s s a r y t o have p o l e s f o r s c a l a r p a r t i c l e s o t h e r t h a n t h e Goldstone bosons. Whatever s o r t of p e r t u r b a t i o n theory i s developed, i t presumably s t a r t s w i t h something l i k e a sum of t r e e graphs, and i t i s h a r d t o s e e how t h e s e can have a n a c c e p t a b l e asymptotic
behaviour without non-Goldstone s c a l a r poles.
Indeed, we c a n make a p r e t t y good g u e s s t h a t when a p e r t u r b a t i o n t h e o r y is developed f o r t h e s e new t h e o r i e s , i t w i l l look l i k e a t h e o r y w i t h a s e t of e l e m e n t a r y s p i n 0 f i e l d s which form a minimal nonl i n e a r r e a l i z a t i o n of t h e gauge group ( s u c h a s t h e p i o n t r i p l e t i n t h e non l i n e a r c model [ 4 6 i ) , so t h a t no s p i n 0 f i e l d s a r e l e f t a f t e r t r a n s f o r m i n g t o a u n i t a r i t y gauge [49] . Such t h e o r i e s a r e known n o t t o be r e n o r m a l i z a b l e i n any o r d i n a r y sense.
Of c o u r s e , massive non-Goldstone s c a l a r p a r t i c l e s may a p p e a r a s composite p a r t i c l e s a s w e l l a s Golds t o n e bosons. I t i s not c l e a r whether t h i s would r e s t o r e r e n o r m a l i z a b i l i t y . W e u s u a l l y t h i n k of r en o r m a l i z a b i l i t y a s h a v i n g t o d o w i t h t h e elementary p a r t i c l e s i n t h e theory. (Otherwise, what would we do with t h e h i g h s t a t e s of positronium ?
). However, t h e r e i s no way of s e t t l i n g such q u e s t i o n s u n t i l a s y s t e m a t i c method of c a l c u l l t i o n is developed f o r t h e s e t h e o r i e s .
6.-NEUTRAL CURRENTS AND ASTROPHYSICS.-Weak i n t e ra c t i o n s p l a y a fundamental r o l e i n a s t r o p h y s i c a l p r o c e s s e s . Indeed, t h e f i r s t s t e p i n t h e r e a c t i o n c h a i n t h a t produces t h e energy of t h e s u n i s t h e weak p r o c e s s p+p -t d+e++ . F o r t h e most p a r t , t h e weak i n t e r a c t i o n s of importance i n a s t r o p h y s i c s a r e
of t h e charge-exchange t y p e , l i k e t h e pp r e a c t i o n , and a r e t h e r e f o r e u n a f f e c t e d by t h e r e c e n t developments i n weak i n t e r a c t i o n theory. However, h e r e and t h e r e i n t h e u n i v e r s e t h e r e a r e phenomena which c o u l d b e s i g n i f i c a n t l y a f f e c t e d by n e u t r a l -c u r r e n t weak i n t e r a c t i o n s .
One p l a c e where t h e n e u t r a l c u r r e n t s might be expected to h e i m p o r t a n t i s i n t h e e a r l y u n i v e r s e .
I n t h e u s u a l "big bang7' models, n e u t r i n o s and a n t in e u t r i n o s a r e k e p t i n thermal e q u i l i b r i u m a t v e r y e a r l y t i m e s through r e a c t i o n s such a s u + e-" Y~+ P -,
+-
v + e * v + e' , e t c . The muon-type n e u t r i n o s and a n t i n e
t h e muon n e u t r i n o s behave more o r l e s s l i k e e l e c t r o n n e u t r i n o s , and i n a d d i t i o n t h e e l e c t r o n n e u t r i n o c r o s s s e c t i o n s themselves a r e somewhat changed, s o t h a t both muon and e l e c t r o n n e u t r i n o c a n go o u t of e q u i l i b r i u m a t t e m p e r a t u r e s somewhat above o r below 9 2x10 K. However, i t t u r n s o u t t h a t t h i s makes e ss e n t i a l l y no d i f f e r e n c e t o t h e thermal h i s t o r y of t h e e a r l y u n i v e r s e . The r e a s o n i s t h a t d u r i n g t h e whole p e r i o d from when t h e t e m p e r a t u r e d r o p s below 4 1012 K u n t i l i t r e a c h e s a b o u t 10 K t h e e n t r o p y of t h e u n i v e r s e i s overwhelmingly i n t h e form of e x t r emely r e l a t i v i s t i c p a r t i c l e s (photons, n e u t r i n o s , e t c ) , N e u t r a l c u r r e n t s c a n p l a y a more i m p o r t a n t r o l e i n d e t e r m i n i n g the r a t e of l o s s of energy by s t a r s . Of c o u r s e , pboton p r o d u c t i o n r a t e s ' a r e always must great e r t h a n n e u t r i n o p r o d u c t i o n r a t e s , b u t photons c a n go o n l y a t i n y d i s t a n c e i n a s t a r , w h i l e n e u t r i n o s l e a v e t h e s t e l l a r c o r e w i t h o u t f e e l i n g any e f f e c t s of t h e s u r r o u n d i n g mass. Aside from n u c l e a r r e a c t i o n s , t h e dominant n e u t r i n o p r o d u c t i o n mechanisms a r e expec--t e d t o be t h e r e a c t i o n s e++ e -+ IJ + IJ , y +e-+ e -+ V +y, and plasmon decay i n t o v+T. C o n v e n t i o n a l l y i t i s assumed t h a t o n l y e l e c t r o n n e u t r i n o s c a n be produced i n t h i s way ,, but i f n e u t r a l c u r r e n t s e x i s t C1-54 S. WEINBERG t h e n muon n e u t r i n o s c a n a l s o be e m i t t e d , and t h e v p r o d u c t i o n r a t e s a r e somewhat a l t e r e d . Dicus [511 f i n d s t h a t t h e n e u t r i n o energy l o s s r a t e from a n e l e c t r o n g a s i s changed by t h e n e u t r a l c u r r e n t s by a f a c t o r which o v e r a broad range of t e m p e r a t u r e s
u n s t a b l e and s t a r t s t o implode. I f t h e r e were no envelope, we would e x p e c t t t .to "bounce" when i t becomessmall enough ( s a y 10 km r a d i u s ) f o r n e u t r o n degeneracy p r e s s u r e t o become i m p o r t a n t , and i t would t h e n s e t t l e down t o fo-m a n e u t r o n s t a r . Howev e r , w i t h t h e h i g h envelope f a l l i n g o n t o t h e c o r e t h i s i s i m p o s s i b l e , and i 9 n o t h i n g i n t e r v e n e s , t h e c o r e and e n~e l o p e w i l l c o n t i n u e t o c o l l a p s e , forming a b l a c k h o l e . I n 1966 C o l g a t e and White s u g c e s t e d t h a t t h e envelope might be blown o f f by n e u t r i n o s , which a r e produced t h e r~~l a l l y i n t h e e x t r e m e l y h i~h t e m p e r a t u r e s (~1 0 '~~) o f t h e c o r e o r t h e surround i n g shock wave, and a r e t h e n stopped i n t h e enve- p l i c a t e d , and i t i s n o t y e t c l e a r whether n e u t r i n o s g e t stopped a t t h e r i g h t t i m e and p l a c e t o blow o f f t h e envelope. I f we b e l i e v e i n n e u t r a l c u r r e n t s , t h e n t h e s e c a l c u l a t i o n s must be re-done t o t a k e account of t h e changed n e u t r i n o o p a c i t y e s p e c i a l l y t h e g r e a t i n c r e a s e i n t h e muon n e u t r i n o o p a c i t y . One p a r t i c u l a r c a s e h a s been s t u d i e d by Wilson [56] ; he f i n d s t h a t with o r without n e u t r a l c u r r e n t s , t h e envel o p e i n t h i s c a s e does n o t explode.
7.-NATURAL SYMMETRIES AND SYMMEWY BREAKING.-
The problem of approximate symmetries h a s b e e n w i t h masses f o r t h e n e u t r o n and proton. T h i s merely s h i f t s t h e mystery -why do t h e b a r e masses n e a r l y s a t i s f y symmetries such a s i s o s p i n ? I n any c a s e , once we a g r e e t o a b s o r b t h e l n f i n i t e p a r t of t h e electromag n e t i c o r weak s e l f -e n e r g y i n t o t h e b a r e s m s s e s , we g i v e up any p o s s i b i l i t y of c a l c u l a t i n g t h e f i n l t e c o r r e c t i o n s t o t h e approximate symmetries.
The new p i c t u r e o f t h e weak and e l e c t r o m a g n e t i c interactions, based o n s p o n t a n e o u s l y broken gauge
symmetries, h a s f o r c e d u s t o t h i n k a g a i n a b o u t t h i s o l d problem. Not o n l y do we f e e l t h a t t h e approximate symmetries ought t o be e x p l i c a b l e w i t h i n t h i s p i c t u r e , b u t we a r e encouraged t o seek t h e explanat i o n w i t h i n renormalized p e r t u r b a t i o n t h e o r y , r a t h e r
t h a n i n some m y s t e r i o u s f u t u r e cu t-off.
At t h e same t i m e , t h e c o n s i d e r a t i o n of renormalizab l e f i e l d t h e o r i e s w i t h s p o n t a n e o u s l y broken gauge symnetry h a s provided u s w i t h an i n s i g h t which may l e a d t o t h e c o r r e c t e x p l a n a t i o n of t h e approximate symmetries. A t h e o r y of massive m u t u a l l y coupled spin-one i n t e r m e d i a t e bosons i s u n r e n o r m a l i z a b l e u n l e s s t h e v e c t o r boson masses a r i s e from t h e spon-
t a n e o u s breakdown of a n exact gauge symmetry. However, RECENT PROGRESS I N GAUGE THEORIES .,.
C1-55 once we s p e c i f y t h i s e x a c t gauge symmztry, and spec i f y t h e elementary s p i n zero and spin-one h a l f f i e l d s which e n t e r i n t h e Lagrangian, t h e r e i s n o t a g r e a t d e a l of freedom l e f t i n choosing t h e most
g e n e r a l p o s s i b l e renormalizable and gauge i n v a r i a n t
Lagrangian. I t sometimes happens t h a t t h e s t r u c t u r e of t h e Lagrangian i s s o r e s t r i c t e d t h a t when t h e
gauge group is spontaneously broken, t h e r e s u l k i n g masses and coupling c o n s t a n t s a r e found f o r a l l p o s s i b l e values of t h e parameters i n t h e Lagrangian t o obey i n zeroth o r d e r c e r t a i n exact symmetry r e l at i o n s which do not correspond t o any ''unbroken'' subgroup of the o r i g i n a l i n v a r l a n c e group of t h e Lagran-
gian. These z e r o t h o r d e r symmetry r e l a t i o n s w i l l i n g e n e r a l not s u r v i v e i n h i g h e r o r d e r c a l c u l a t i o n s , and, i f t h e gauge coupling c o n s t a n t s a r e of o r d e r e , t h e s e w i l l appear c o r r e c t i o n s of o r d e r a,a2, e t c . However, t h e s e higher-order c o r r e c t i o n s must be fin i t e , p r e c i s e l y because we have assumed t h a t t h e -symmetry r e l a t i o n s i n q u e s t i o n a r e s a t i s f i e d f o r a l l p o s s i b l e v a l u e s of t h e parameters of t h e Lagrangian. T h i s assumption prevents US from i n t r o d u c i n g counterterms i n t h e Lagrangian which could absorb divergences i n c o r r e c t i o n s t o t h e z e r o t h o r d e r symmetry r e l a t i o n s , s o i f such divergences d i d occur, they could not be removed by renormalization and s o they can & , occur, because t h e t h e o r i e s we d e a l with a r e i n f a c t renormalizable [ % I . (This i s ~u s t t h e same argument t h a t e x p l a i n s why the s c a t t e r i n g of l i g h t by l i g h t must come o u t f i n i t e i n quantum e l e ctrodynamics).
A theory of t h i s s o r t , i n which a l l approximate symmetries appear i n z e r o t h o r d e r a s e x a c t consequences of t h e gauge i n v a r i a n c e , f i e l d c o n t e x t , and r e n o r m a l i z a b i l i t y of t h e Lagrangian , r a t h e r than
of some p a r t i c u l a r choice of parameters, may j u s t l y be c a l l e d a n a t u r a l theory of approximate symmetry.
Not only i s such a theory n a t u r a l i n an a e s t h e t i c s e n s e , i n a way t h a t e x i s t i n g models of t h e weak and electromagnetic i n t e r a c t i o n s a r e n o t , but i t a l s o i s n a t u r a l i n the important t e c h n i c a l s e n s e , t h a t t h e c o r r e c t i o n s t o t h e symmetry a r i s i n g from h i g h e r o r d e r e f f e c t s a r e f i n i t e .
How is i t p o s s i b l e f o r a symmetry r e l a t i o n t o a r i s e i n zeroth-order p e r t u r b a t i o n theory and y e t r e c e i v e c o r r e c t i o n s i n h i g h e r o r d e r ? The simplest example of t h i s phenomenon i s provided by t h e c l a s s of t h e o r i e s i n which the Lagrangian c o n t a i n s no scal a r f i e l d s which have t h e r i g h t quantum numbers t o allow renormalizable Yukawa-type i n t e r a c t i o n s with t h e fermions. (For i n s t a n c e i f t h e gauge group i s i s o s p i n , and a l l s c a l a r f i e l d s have is\ospins g r e a t e r than twice t h e fermion i s o s p i n , then no Yukawa int e r a c t i o n s a r e p o s s i b l e ) . I n t h i s c a s e , t h e zerotho r d e r fermion mass matrix i s j u s t t h e bare mass
matrix, which must be i n v a r i a n t under t h e gauge grcup of t h e theory. However, even though t h e fermion masses a r e i n v a r i a n t under t h e gauge group i n z e r o t h o r d e r , t h e gauge i n v a r i a n c e s of t h e theory w i l l i n general be broken by t h e vacuum e x p e c t a t i o n v a l u e s
of t h e v a r i o u s s c a l a r f i e l d s , which i n t r o d u c e zerotho r d e r v i o l a t i o n s of t h e gauge symmetry i n t o t h e vect o r boson masses even though they cannot d i r e c t l y a f f e c t t h e fermion masses. The emission and absorpt i o n of v i r t u a l i n t e r m e d i a t e v e c t o r bosons w i l l thus produce c o r r e c t i o n s t o t h e gauge i n v a r i a n c e of t h e fermion masses i n higher o r d e r , and, by t h e above arguments t h e s e c o r r e c t i o n s must be f i n i t e . For i n s t a n c e , i f t h e zeroth-order mass r e l a t i o n t e l l s u s t h a t m = mn , then t h e second-order c o r r e o t i o n s P w i l l t y p i c a l l y be of t h e form
3 where c i s a numerical c o n s t a n t (such a s -iGn ) ¶ m i s t h e common zeroth-order mass, A i s a n u l t r a -
v i o l e t c u t o f f , and p and p' a r e f u n c t i o n s of t h e v a r i o u s zeroth-order i n t e r m e d i a t e v e c t o r boson masses. ~l t h o u g h both 6m
and 6mn a r e i n f i n i t e , P t h e c o r r e c t i o n t o the zeroth-order r e l a t i o n i s nec e s s a r i l y f i n i t e ; i n t h i s c a s e , we have
One important f e a t u r e of t h i s s o r t of r e s u l t i s t h a t even though p and p'
may be very l a r g e , t h e mass s h i f t s a r e t y p i c a l l y of o r d e r oc m . About t h i s , more l a t e r .
I n t h e g e n e r a l c a s e , zeroth-order fermion mass rel a t i o n s may a r i s e even i f t h e r e a r e some s c a l a r f i e l d s i n t h e theory with quantum numbers which = o a t Q = A . p e c t t h e gauge group of t h e theory.
ami r e l a t i o n which may a r i s e , i t is p o s s i b l e t o c a r r y o u t a c o m p l e t e l y g e n e r a l a n a l y s i s of t h e secondo r d e r c o r r e c t i o n s t o such r e l a t i o n s . The Feynman diagrams a r e shown below : (Note t h a t t h e term rihi i s of z e r o t h o r d e r
A good d e a l of e f f o r t o v e r t h e p e s t y e a r h a s been p u t i n t o t h e t a s k o f f o r m u l a t i n g a g e n e r a l c a t a l o g of n a t u r a l z e r o t h -o r d e r symmetries. A s a r e s u l t of agreements between Georgi and Glashow and m y s e l f , t h e r e h a s been developed a t r i p a r t i t e c l a s s i f i c a t i o n of n a t u r a l z e r o t h -o r d e r fermion mass r e l a t i o n s :
(
1) R e l a t i o n s a r i s i n g [60] ( a s i n t h e examples d i s c u s s e d above) b e c a u s e n o t a l l of t h e s c a l a r f i e l d s which c o u l d have Yukawa c o u p l i n g s a c t u a l l y a p p e a r i n t h e theory.
(2)
R e l a t i o n s a r i s i n g [611 because t h e polynomial P ( * ) , s o l e l y by v i r t u e of i t s b e i n g q u a r t i c
and gauge i n v a r i a n t , is n e c e s s a r i l y i n v a r i a n t under g l o b a l symmetries o t h e r t h a n t h o s e of t h e o r i g i n a l gauge group, some of which symmetries a r e n o t broken by t h e vacuum e x p e c t a t i o n v a l u e s h :
13) R e l a t i o n s a r i s i n g [ 6 2 ] from c o n s t r a i n t s i n h . o t h e r t h a n t h o s e of t y p e ( 2 ) .
The h a r d p a r t h e r e i s t o a n a l y z e t h e c a t c h -a l l " t y p e 3". Important contributions have been made by B. W, Lee [ 6 2 l , Duncan [ 631, and S c h a t t n e r [64] but more work i s needed f o r a r e a l l y g e n e r a l unders t a n d i n g .
The most e x c i t i n g r e s u l t which h o p e f u l l y w i l l come o~t of t h e s e c o n s i d e r a t i o n s i s a n u n d e r s t a n d i n g of t h e electron-muon mass r a t i o . That L S , we hope t o f i n d a t h e o r y i n which t h e muon mass is some t y p ic a l z e r o t h -o r d e r fermion mass, but I n which t h e e l e c t r o n mass is f o r c e d t o v a n i s h i n z e r o t h -o r d e r by some n a t u r a l z e r o t h -o r d e r symmetry o f t h e s o r t d i s c u s s e d above. I f we a r e lucky, i n t e r m e d i a t e vect o r boson exchange would t h e n produce a n e l e c t r o n mass of o r d e r a mp . Such a t h e o r y h a s a c t u a l l y been c o n s t r u c t e d by Georgi and Glashow [61], b u t t h e i r model i s n o t a r e a l i s t i c one, and i s i n t e n d e d
f o r i l l u s t r a t i v e purpose only. I n c a l c u l a t i n g t h e s e g r a p h s , i t i s e x t r e m e l y conven i e n t t o u s e a g e n e r a l formalism d e r i v e d by Fujikawa, Lee, and Sanda [66] , i n which t h e gauge i s s p e c i f i e d by a f r e e parameter f , w i t h m a n i f e s t u n i t a r i t y f o r f = 0 and m a n i f e s t r e n o r m a l i z a b i l i t y f o r f 7' 0.
Even though we do n o t have a r e a l l y thorough undera t a n d i n g of t h e Varlous k i n d s of z e r o t h -
(One r e a s o n t h a t t h i s formalism i s s o convenient is t h a t p h y s i c a l q u a n t i t i e s m u s t be 5 -independent, and of c o u r s e t h e y never a r e u n t i l a l l o n e ' s e r r o r s a r e l o c a t e d ) . I t t u r n s o u t t h a t a l t h o u g h 6 m i s
g e n e r a l l y i n f i n i t e , t h e terms i n 6m which c a n pro- 
What does a l l t h i s have t o do w i t h t h e problem w i t h which we s t a r t e d , t h a t of i s o s p i n b r e a k i n g ?
W i l l n o t t h e p r e s e n c e of s t r o n g i n t e r a c t i o n s inval i d a t e any c o n c l u s i o n s based on simple one-loop
Feynman g r a p h s ? The p r a b l e n~ of t h e s t r o n g i n t e r a c -
Zions i s c o n s i d e r e d i n t h e n e x t two s e c t i o n s , w i t h s p e c i a l a t t e n t i o n t o t h e i r e f f e c t o n o r d e r a c o rr e c t i o n s t o n a t u r a l symmetries. I n t h e end, we w i l l s e e t h a t f o r a l a r g e c l a s s of s t r o n g i n t e r a c t i o n t h e o r i e s , t h e answers g i v e n by p e r t u r b a t i o n t h e o r y
a r e i n f a c t c o r r e c t . 
Even i f we r e g a r d t h e weak and e l e c t r o m a g n e t i c i nt e r a c t i o n s a s t h e n a t u r a l p r o v i n c e of gauge t h e o r i e s , i t i s n e c e s s a r y i n a p p l y i n g t h e s e t h e o r i e s t o had r o n s t o have some i d e a of what produces t h e s t r o n g i n t e r a c t i o n s . If i n a e a t t e m p t t o hang o n t o t h e a t t r a c t i v e f e a t u r e s of t h e gauge t h e o r y of weak and e l e c t r o m a g n e t i c i n t e r a c t i o n s , we a r e l e d t o a spec i f i c m d e l of. s t r o n g i n t e r a~t i o n s , s o much t h e b e t t e r . I n f a c t , t h i s i s j u s t what happens -i t does
n o t take very much thought along these l i n e s before one a r r i v e s a t a gauge theory of t h e s t r o n g a s w e l l a s t h e weak and electromagnetic i n t e r a c t i o n s .
The requirements t h a t we would l i k e t o have s a t i sf i e d by any f i e l d theory of s t r o n g i n t e r a c t i o n s may be l i s t e d a s follows :
A . -Renormalizabi1ite.-The matrix elements of curr e n t s should have a n asymptotic behaviour s u f f i c i e n tl y s i m i l a r t o t h a t expected i n the absence of s t r o n g i n t e r a c t i o n s t o a s s u r e t h e r e n o r m a l i z a b i l i t y of t h e weak and electromagnetic i n t e r a c t i o n s .
B.-Natural Zeroth Order Symmetries.-I t should be n a t u r a l ( i n t h e sense described i n t h e l a s t s e c t i o n ) t h a t a f t e r spontaneous breaking of t h e weak and electromagnetic gauge group, t h e theory should conserve p a r i t y , s t r a n g e n e s s , i s o s p i n , e t c . t o zeroth-order .
i n e but t o a l l o r d e r s i n t h e s t r o n g i n t e r a c t i o n .
C.-Natural Order a Symmetries. 
-I t has a l r e a d y been emphasized t h a t t h e emission and a b s o r p t i o n of intermediate v e c t o r bosons w i l l i n g e n e r a l , d e s p i t e t h e i r l a r g e mass, produce c o r r e c t i o n s t o n a t u r a l zer o t h o r d e r symmetries which a r e of o r d e r a r a t h e r
I t t u r n s out t h a t t h e s e c o n d i t i o n s can be s a t i s f i e d f o r any renormalizable gauge model of weak and e l e ctromagnetic i n t e r a c t i o n s , provided we t u r n on the s t r o n g i n t e r a c t i o n s i n a c e r t a i n way. Rather than t r y t o d e r i v e t h e necessary f e a t u r e s of t h e s t r o n g i n t e r a c t i o n s deductivelyfrom c o n d i t i o n s A-D, I w i l l i n s t e a d simply p r e s e n t a d e s c r i p t i o n of a c l a s s of t h e o r i e s which s a t i s f i e s t h e s e c o n d i t i o n s , and l e a v e i t t o t h e subsequent d i s c u s s i o n t o e x p l a i n i n what sense t h i s c l a s s of t h e o r i e s i s unique. The r u l e s a r e a s follows [68] :
a ) The whole theory of s t r o n g , weak, and e l e c t r omagnetic i n t e r a c t i o n s i s described by a renormalizab l e Lagrangian with a gauge i n v a r i a n c e group G @G S W ' g i v e n by t h e d i r e c t product of a s t r o n g gauge group 
transformations a c t h o r i z o n t a l l y , and would have S t o form t h e non-chiral g r m p SU(3) . Note t h a t t h e 1 1 . intermediate v e c t o r bosons" a s s o c i a t e d with G W a r e n e u t r a l under GS , and t h e r e f o r e have no s t r o n g i n t e r a c t i o n s , while t h e "gluons" a s s o c i a t e d with G
S
a r e n e u t r a l under GW , and t h e r e f o r e have no weak o r electromagnetic i n t e r a c t i o n s . I f GS i s SU (31, t h e r e i s a n o c t e t of such purely n e u t r a l v e c t o r gluons.
d ) There is a s e t of s c a l a r f i e l d s , n e u t r a l under GS , which have no s t r o n g i n t e r a c t i o n s , but whose vacuum e x p e c t a t i o n v a l u e s break Gw ' e ) There a r e no s t r o n g l y i n t e r a c t i n g s c a l a r f i e l d s .
Before e n t e r i n g i n t o t h e p m p e r t i e s of t h e s e theor i e s , t h e r e i s one obvious q u e s t i o n t h a t must be addressed : i n t h e absence of s t r o n g l y i n t e r a c t i n g s c a l a r s , how i s GS broken ? One p o s s i b l e answer i s provided by t h e dynamical mechanisms f o r spontaneous symmetry breaking discussed above i n s e c t i o n 5.
A very d i f f e r e n t answer is suggested by t h e f a i l u r e of e x p e r i m e n t a l i s t s t o f i n d f r e e quarks. I f t h e r e were some s y s t e m a t i c reason [701 why quarks can never be produced i n c o l l i s i o n s of G -n e u t r a l p a r t i c l e s S such a s o r d i n a r y hadrons, then we might expect the same mechanism a l s o t o prevent t h e production of gluons, which ( f o r GS semi-simple) a r e , l i k e t h e quarks, non-neutral under G . I n t h i s c a s e , i t
S might.be p o s s i b l e t h a t t h e GS gauge group i s not broken a t a l l , and t h a t t h e unobservable n e u t r a l vect o r gluons have z e r o mass !
A mechanism f o r preventing t h e production of f r e e quarks o r gluons, based s p e c i f i c a l l y on t h e masslessness of t h e gluons, i s discussed a t the end of t h e next s e c t i o n . how t h e c a n c e l l a t i o n of divergences i n second-order c o r r e c t i o n s t o n a t u r a l z e r o t h o r d e r symmetry r e l at i o n follows from t h e conservation and commutation p r o p e r t i e s of the weak and electromagnetic c u r r e n t s . 
Of t h e four c o n d i t i o n s l i s t e d a t t h e beginning of t h i s s e c t i o n
I n o r d e r t o explore t h e symmetries of t h e s t r o n g i n t e r a c t i o n s , we note t h a t t o zeroth o r d e r i n e the s t r o n g i n t e r a c t i o n s a r e described by a Lagrang i a n ZS, which may be obtained from t h e over-all Lagrangian of the theory by dropping a l l terms prop o r t i o n a l t o powers of e , except where they appear m u l t i p l i e d by s c a l a r -f i e l d vacuum e x p e c t a t i o n val u e s , which a r e of o r d e r l
5-s t r o n g i n t e r a c t i o n s ( a s i d e from GS i t s e l f ) c o n s i s t
Of 1) Conservation of p a r i t y , with t h e understanding t h a t a l l fermions a r e taken t o have equzl p a r i t y and a l l gluons a r e taken a s p o l a r vectors.
2 ) Conservation of s t r a n g e n e s s , charge, and baryon number. I n general t h e number of quarks minus a n t iquarks i n each row ( i . e . , summed over c o l o r ) i s conserved. T h i s i s equivalent t o conservation of s t r a ngeness, charge, and baryon number, defined by .
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s t r o n g i n t e r a c t i o n s .
I n g e n e r a l , the presence o f s t r o n g i n t e r a c t i o n s would prevent u s from being a b l e t o c a l c u l a t e t h e second-order c o r r e c t i o n s t o TFI . However, consider a b l e p r o g r e s s c a n be made i f we a r e w i l l i n g t o conc e n t r a t e on those terms i n 6~
k e i t should be suppressed by the l a r g e term p2 W i n t h e denominator but t h e r e a r e two exceptions.
a r e l a r g e , because F i r s t , not a l l elements of p 2 pw has an eigenvalue z e r o corresponding t o t h e pho-
ton. I t i s very convenient t o w r i t e t h e photon propagator i n t h e form
where A i s a l a r g e but otherwise a r b i t r a r y mass.
The bracketed q u a n t i t y must be t r e a t e d s e p a r a t e l y ; i t j u s t g i v e s t h e u s u a l photon exchange c o n t r i b u t i o n , w i t h a n a t u r a l cut-off A . The remaining term can b e p u t back i n t h e v e c t o r boson propagator, with t h e e f f e c t t h a t t h e matrix 4 1s . replaced with 2 p i 2 , which i s j u s t t h e s a a e a s pW except t h a t t h e photon mass i s given the a r t i f i c i a l value A .
A l l t h e eigenvalues of p i 2 a r e l a r g e , s o t h e only 2 way t h a t an i n t e g r a l i n v o l v i n g (K + pi2)-' can avoid being suppressed by t h e l a r g e denominator i s f o r t h e c o e f f i c i e n t f u n c t i o n t o vanish a s K -t m no f a s t e r than l /~~ . The q u e s t i o n then is, what terms F I i n gp ( k ) vanish a s K + m no f a s t e r than I / K~ ?
Leaving a s i d e terms which produce no c o r r e c t i o n s t o zeroth-order symmetries, t h e only such terms i n 9 a r i s e from diagrams with a fermion-antifermion bridge connecting t h e c u r r e n t s t o t h e hadron s t a t e s I and F.
The e f f e c t of such terms i s , l i k e t h e t a d p o l e s , simply t o produce a n i n s e r t i o n i n t o a fermion l i n e .
W e conclude then t h a t t h e complete "order a" corr e c t i o n t o t h e T-matrix c o n s i s t s of t h e u s u a l elec-
tromagnetic terms, with a cut-off h , p l u s a corr e c t i o n t o t h e fermion mass matrix. 
c o n t r a c t e d over p and v and averaged over clir e c t i o n s i n momentum space. I t should be noted t h a t , a t l e a s t i n p e r t u r b a t i o n theory, U (K) has t h e a@ asymptotic behaviour f o r l a r g e K UaP(K)
x powers of 8nK , so t h e i n t e g r a l i n 6m does n o t converge term-byterm, but only through c a n c e l l a t i o n of d i f f e r e n t
terms. (The d i v e r g e n t p a r t i n v o l v e s t h e t r a c e Uaa(K) which c a n be shown [68] t o make no c o n t r i b u t i o n t o c o r r e c t i o n s t o "natural" zeroth-order symmetries). I t i s f o r t h i s reason t h a t t h e answer i s p r o p o r t i o -
n a l t o powers of 8n pl;i2 , not p;Y" , and i s theref o r e "of o r d e r a". Although f i n i t e t h e answer does depend on t h e f i c t i t i o u s photon mass A , and t h i s A dependence c a n c e l s t h e cut-off dependence of t h e photon exchange terms.
The problem of c a l c u l a t i n g 6m w i l l be taken up a g a i n a t t h e end of t h e next s e c t i o n . However, even i f we make no a t t e m p t a c t u a l l y t o c a l c u l a t e 6m , t h i s r e s u l t , t h a t "order a" c o r r e c t i o n s t o n a t u r a l s t r o n g -i n t e r a c t i o n symmetries c o n s i s t s o l e l y of o r d i n a r y photon exchange terms p l u s s h i f t s i n t h e quark mass matrix, has extremely important coroll a r i e s . F i r s t , n o t e t h a t j u s t a s we e a r l i e r d e f i n e d conservation, though they c a n of c o u r s e v i o l a t e i s o s p i n conservation. The photon-exchange terms a l s o conserve p a r i t y and s t r a n g e n e s s , s o we may conclude t h a t p a r i t y and s t r a n g e n e s s a r e automaticall y conserved i n o r d e r a . However, they a r e v i o l a t e d by t h e terms of o r d e r , which i n g e n e r a l can not be expressed i n terms of quark mass s h i f t s .
-
A t t h i s p o i n t , we may look back, and a s k what we
would have found i f we had cliosen a theory of s t r o n g C1 -GO S. WEINBERG i n t e r a c t i o n s w i t h s t r o n g l y i n t e r a c t i n g s c a l a r s and/ o r c h i r a l gauge f i e l d s . I n g e n e r a l , such a t h e o r y c o u l d v i o l a t e p a r i t y and s t r a n g e n e s s c o n s e r v a t i o n i n z e r o t h o r d e r , through v a r i o u s Yukawa i n t e r a c t i o n s , s c a l a r s e l f -i n t e r a c t i o n s , o r V-A gauge f i e l d mixing.
( I t is n o t p o s s i b l e t o make a completely g e n e r a l s t a t e m e n t here. F o r i n s t a n c e , i
t ) .
When we say t h a t "such a theory c o u l d viol a t e p a r i t y and s t r a n g e n e s s c o n s e r v a t i o n " we mean t h a t t h e s e c o n s e r v a t i o n laws a r e n o t n a t u r a l , and c a n only be a c h i e v e d by c a r e f u l adjustment of param e t e r s i n t h e o r i g i n a l Lagrangian. Such t h e o r i e s a l s o can have " o r d e r a" v i o l a t i o n s of p a r i t y and s t r a n g e n e s s , a p p e a r i n g through o t h e r o p e r a t o r terms i n t h e Wilson expansion, such a s $$@, @2,@3,~4, and ( i n c h i r a l t h e o r i e s ) P; , ,
FAPV . I t i s t r u e , a s r e c e n t l y emphasized by Bars [72], t h a t s u c h "order a" c o r r e c t i o n s t o p a r i t y and s t r a n g e n e s s conservat i o n always t a k e t h e form of c o r r e c t i o n s t o t h e z e r o t h -o r d e r parameters of t h e t h e o r y , and t h e r e f o r e ,
whenever p a r i t y and s t r a n g e n e s s a r e not n a t u r a l zer o t h o r d e r symmetries, t h e s e v i o l a t i o n s of p a r i t y and s t r a n g e n e s s c o n s e r v a t i o n c a n be made a s s m a l l a s we l i k e by adjustment of t h e p a r a m e t e r s i n t h e Lagrangian. T h i s i s i n p a r t i c u l a r t h e c a s e f o r theor i e s of t h e Bars-Halpern-Yoshimuratype ( s e e s e c t i o n 2), where p a r i t y c o n s e r v a t i o n i s n o t n a t u r a l , but h a s t o be achieved by choosing t h e parameters i n t h e Lagrangian a s s u i t a b l e power s e r i e s i n a . There i s some disagreement a b o u t whether t h i s r u l e s o u t t h e Bars-Halpern-Yoshimura theory a s a fundamental f i e l d t i~e o r y of s t r o n g i n t e r a c t i o n s . To me, i t seems comp l e t e l y u n a c c e p t a b l e t o suppose t h a t nature chooses t h e p a r a m e t e r s i n t h e Lagrangian j u s t s o t h a t v i o l at i o n s o f p a r i t y and s t r a n g e n e s s a r e not o n l y f i n i t e b u t t i n y . I t is a s if t h e neutron-proton mass d i f f er e n c e were 1 eV, and we t r i e d t o e x p l a i n t h i s mass d i f f e r e n c e i n c o n v e n t i o n a l e l e c t r o d y n a m i c s by supp o s i n g t h a t t h e i s o t o p i c s p i n v i o l a t i o n i n t h e h a r e n u c l e o n masses c a n c e l l e d n o t o n l y t h e i n f i n i t e p a r t o f t h e e l e c t r o m a g n e t i c s e l f energy but a l s o a l n o s t a l l of t h e f i n i t e p a r t ! R e t u r n i n g now t o t h e t h e o r i e s d e s c r i b e d a t t h e beg i n n i n g of t h i s s e c t i o n , f o r which p a r i t y and s t r a ng e n e s s c o n s e r v a t i o n a r e n a t u r a l , w e n o t e t h a t i s o t op i c s p i n w i l l i n g e n e r a l be v i o l a t e d i n o r d e r a ,
through t h e appearance of s h i f t s i n t h e v a r i o u s quark masses. However, t h i s i s o t o p i c s p i n v i o l a t i o n i s c o n t r o l l e d by t h e i s o t o p i c s p i n c o n t e n t of t h e quark m u l t i p l e t . As a l r e a d y i n d i c a t e d , t h e quarks must c o n s i s t s o l e l y of i s o t o p i c s p i n d o u b l e t s and s i n -
g l e t s , because i f n > 2 quarks i n each column a r e d e g e n e r a t e i n z e r o t h o r d e r t h e n t h e s t r o n g i n t e r a ct i o n symmetry would be SU(n) , n o t SU(2) . I t f o l - 
I t i s t h e weak i n t er a c t i o n s t h a t c a n c e l t h e d i v e r g e n c e i n t h e e l e c t r omagnetic s e l f -e n e r g y d i f f e r e n c e o f t h e nucleons, and t h a t may a l s o be r e s p o n s i b l e f o r t h e f a c t t h a t t h e
n e u t r o n i s h e a v i e r t h a n t h e proton. F i n a l l y , t h e r e c u l a r l y slow, we must conclude t h a t i t i s produced almost e n t i r e l y by t h e weak i n t e r a c t i o n s [74]. T h i s i s n o t t o say t h a t r) + 3% should show P o r C viol a t i n g anomalies, however, f o r a s emphasized above, t h e e f f e c t s of t h e weak i n t e r a c t i o n s a r e l i m i t e d i n o r d e r a t o quark mass s h i f t s , and t h e s e c a n n o t produce a P o r C v i o l a t i o n .
The g e n e r a l p i c t u r e of o r d e r a weak c o r r e c t i o n s a r i s i n g through quark mass s h i f t s c a n a l s o be used Another example i s provided by t h e c u r r e n t a l g e b r a c a l c u l a t i o n s c a r r i e d o u t o v e r t h e l a s t f i v e y e a r s , many of which depend on d e t a i l e d assumptions a s t o t h e n a t u r e of symmetry-breaking terms i n t h e e f f e c - 
o u t t h e s t a t u s of t h e s t r o n g l y broken
u n i t a r y o r c h i r a l symmetries i n o u r g e n e r a l theoret i c a l framework.
F i r s t , it i s p o s s i b l e t h a t t h e z e r o t h -o r d e r quark
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masses obey exact n a t u r a l symmetry r e l a t i o n s o t h e r t h a n mp = m~ . For i n s t a n c e , we may have ny. 1 m~ 1 0 , i n which c a s e t h e n a t u r a l zeroth-order symmetries of t h e s t r o n g i n t e r a c t i o n s include a c h i r a l SU(2) @ SU(2) group and a c h i r a l U(1) group. These symm e t r i e s w i l l i n general be broken i n o r d e r a by t h e weak and electromagnetic i n t e r a c t i o n s , and i n addit i o n may be broken spontaneously by t h e s t r o n g int e r a c t i o n s , producing "pseudo-~oldstone" bosons [77 ] with masses of o r d e r fi times o r d i n a r y hadron masses.
A l t e r n a t i v e l y , i t i s p o s s i b l e t h a t t h e zeroth-order quark masses e x h i b i t approximate symmetries. For i n st a n c e , they might a l l be i n some sense "small", i n which a r e t h e r e would be a n approximate SU(3) 8 SU(3) @ U(1) global symnaetry of s t r o n g i n t e r a c t i o n s . Any such approximate s y m t r y can a l s o be spontaneously broken by the s t r o n g i n t e r a c t i o n s , y i e l d i n g pseudoGoldstone bosons of r e l a t i v e l y small mass. For i n stance, approximate SU(3) @ SU(3) @ U(1) might be spontaneously broken down t o a n approximate SU (3) symmetry, with t h e appearance of a pseudoscalar non e t of r e l a t i v e l y l i g h t bosons.
I t i s n o t c l e a r which p i c t u r e d e s c r i b e s t h e r e a l
world, although t h e r a t h e r l a r g e mass of t h e K and rl mesons suggests t h a t t h e second a l t e r n a t i v e may be c l o s e r t o t h e t r u t h , a t l e a s t f o r t h e h quark mass. The c h i e f p r a c t i c a l d i f f e r e n c e between t h e two approaches i s t h a t i n the f i r s t c a s e t h e X , K , e t c masses may themselves be c a l c u l a t e d i n terms of spect r a l f u n c t i o n i n t e g r a l s [78] , while i n t h e second c a s e i t i s only t h e s p l i t t i n g w i t h i n t h e pseudoscal a r i s o s p i n m u l t i p l e t s t h a t can be s o c a l c u l a t e d [79].
I n e i t h e r c a s e , however, the breaking of S U ( 3 ) Q SU(3) Q U(1) symmetry i n t h e s t r o n g i n t e r a c t i o n s i s e n t i r e l y due t o photons p l u s quark mass terms (whet h e r z e r o t h o r d e r o r of o r d e r a ) , i n agreement with t h e assumptions g e n e r a l l y made i n c u r r e n t a l g e b r a a n a l y s e s [76].
9.-ASYMPTOTIC FREEDOM.-The renormalization group method, e i t h e r i n t h e o r i g i n a l v e r s i o n of Gell-Mann and Low LBO], o r i n t h e modified v e r s i o n of C a l l a n I n most f i e l d t h e o r i e s P(g) has t h e same s i g n a s g f o r g near z e r o , s o even i f the renormalized coupling c o n s t a n t gl i s s m a l l , g(K) i n c r e a s e s i n a b s o l u t e value with i n c r e a s i n g K , e i t h e r approaching some f i n i t e p o i n t go where P 0 , o r e l s e approaching i n f i n i t y a s K -+ co . I n p a r t i c ul a r , the p e r t u r b a t i v e expression of P(g) shows t h a t t h i s i s t h e c a s e f o r quantum electrodynamics.
When g(K) behaves i n t h i s way, t h e r e i s not much t h a t can be s a i d about t h e asymptotic behaviour of r a s K -+ , except t o note t h a t i f g(K) approaches a c o n s t a n t go a s K
, then
with an unknown p r o p o r t i o n a l i t y c o n s t a n t . I n o r d e r f o r Bjorken s c a l i n g t o occur i n deep i n e l a s t i c elect r o n s c a t t e r i n g i t would be necessary f o r an i n f in i t e number of Y'S t o vanish a t go , and i t can be shown t h a t t h i s would imply t h a t t h e theory with g = go i s a f r e e f i e l d theory [83] .
Now suppose on t h e o t h e r hand t h a t P(g) and g
were of o p p o s i t e s i g n f o r small g . As long a s gl i s not t o o l a r g e , g (~) would then decrease i n absol u t e value a s K i n c r e a s e s , approaching z e r o f o r K -+ -. Such a theory would a u t o m a t i c a l l y e x h i b i t Bjorken s c a l i n g up t o logarithms of K .
The e x c i t i n g new t h i n g t h a t has happened r e c e n t l y Asymptotic freedom does not mean t h a t t h e s t r o n g i n t e r a c t i o n s can simply be ignored a t high momenta.
Eqs.cg.2) and (9. F o r t u n a t e l y t h e r e a r e a few c a s e s where t h e anomal o u s dimension YF vanishes, s o t h a t asymptotic freedom r e a l l y does l e a d t o a completely c a l c u l a b l e asymptotic form :
One such example is provided by t h e r e a c t i o n e++e-K hadrons, where 'f vanishes because t h e electromas n e t i c c u r r e n t has canonical dimensions. The r e s u l t h e r e i s t h a t the a n n i h i l a t i o n c r o s s -s e c t i o n i s simply e q u a l asymptotically t o t h e Born-approximation c r o s s s e c t i o n f o r e++e--t quark p l u s a n t i q u a r k [881 . of a l l i n t e g r a l s , appearing i n t h e second s p e c t r a l f u n c t i o n sum r u l e s , though t h e sum r u l e s themselves may not be t r u e ) . I n t h i s c a s e , the K -i n t e g r a l i n 610 can be c a r r i e d out e x p l i c i t l y , and we have :
where ta i s t h e matrix t o which t h e Gs gauge f i e l d c o u p l e s , and e and 9 a r e dimensionless c o n s t a n t s . A l l t h e complications due t o t h e s t r o n g i n t e r a c t i o n s appear h e r e only i n and 9 . I f t h e theory i s asymptotically f r e e , and i f t h e 1/K 2 asymptotic behaviour s e t s i n below K of o r d e r pw, t h e n Y? and "3 must have t h e v a l u e s which they would have i n t h e absence of s t r o n g i n t e r a c t i o n s Thus 6m i s e n t i r e l y c a l c u l a b l e , the r u l e being simply t o w r i t e down a l l graphs of second o r d e r i n e and ignore t h e s t r o n g i n t e r a c t i o n s [go] , T h i s res u l t was suggested e a r l i e r on t h e b a s i s of t h e observ a t i o n s of Bjorken s c a l i n g [91] ,
s o i t i s perhaps not s u r p r i s i n g t h a t i t f o l l o w s from t h e same f i e l d t h e o r e t i c assumptions t h a t l e d t o Bjorken scaling.
Of course, even though 6m may be c a l c u l a t e d , t h e r e s u l t does n o t d i r e c t l y g i v e t h e w s s of any phys i c a l p a r t i c l e , but must b e u s e d a s a n i n p u t t o parton-model o r c u r r e n t -a l g e b r a c a l c u l a t i o n s . f r e e t h e o r i e s we s e e t h e gog of t h e s t r o n g i n t e r a c t i o n s RECENT PROGRESS I N GAUGE THEORIES ...
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l i f t l n g h e r e and t h e r e , r e v e a l i n g t h e u n d e r l y i n g spectrum of t h e elementary hadrons.
There i s y e t a n o t h e r p o s s i b l e i m p l i c a t i o n of asympt o t i c freedom, which however l i e s o n a much l e s s sound mathematical f o u n d a t i o n t h a n t h e f o r e g o i n g a p p l i c a t i o n s . I n t h e l a s t s e c t i o n I mentioned t h e p o s s i b i l i t y t h a t t h e s t r o n g gauge group Gs i s n o t broken, s o t h a t t h e gluons are m a s s l e s s , and t h a t t h e m a s s l e s s n e s s of t h e gluons might be r e s p o n s i b l e f o r some dynamical mechanism which p r e v e n t s t h e pro- n o n -p e r t u r b a t i v e e f f e c t s of t h e m a s s l e s s gluons. Such e f f e c t s a r e i n f a c t t o be expected i n any asymptot i c a l l y f r e e theory. When we s e p a r a t e two G -non-S n e u t r a l particles such a s quarks o r g l u o n s by a d i st a n c e r , t h e i r mutual i n t e r a c t i o n presumably i s governed by t h e e f f e c t i v e c o u p l i n g g(K) w i t h K o f o r d e r l / r , s o t h a t w i t h P(g) o f o p p o s i t e s i g n t o g , t h e i n t e r a c t i o n i n c r e a s e s a s r i n c r e a s e s . I t may even i n c r e a s e w i t h o u t l i m i t i f Peg) h a s no z e r o e s between gl a~d i n f i n i t y . Hopefully t h i s makes i t i m p o s s i b l e t o s e p a r a t e quarks and/or gluons by l a r g e d i s t a n c e s [93I , a l t h o u g h i t c e r t a i n l y would n o t p r e v e n t t h e s e p a r a t i o n of G -n e u t r a l o r d i n a r y S hadrons. I n o r d e r t o v e r i f y t h e s u p p r e s s i o n of quark and gluon p r o d u c t i o n i n a s y m p t o t i c a l l y f r e e f i e l d t h e o r i e s , i t would be n e c e s s a r y t o show t h a t t h e a m p l i t u d e s f o r r e a c t i o n s among G -n e u t r a l p a r t i c l e s S a r e f r e e of c u t s c o r r e s p o n d i n g t o i n t e r m e d i a t e s t a t e s c o n t a i n i n g q u a r k s o r gluons. T h i s h a s n o t y e t been done, s o t h e above remarks a r e a t p r e s e n t mere spec u l a t i o n s . However, t h e renormalization-group methods whlch a l l o w u s t o sum up powers of dnK t o determine asymptotic behaviour i n K c a n a l s o b e used t o sum up powers of GnK t o e x p l o r e a n a l y t i c s t r u c t u r e i n K , s o t h e r e i s a good p r o s p e c t t h a t t h e s e q u e s t i o n s may be answered b e f o r e t o o long.
CONCLUSION.-The g e n e r a l i d e a of a r e n o r m a l i z a b l e gauge t h e o r y of weak and e l e c t r o m a g n e t i c i n t e r a c t i o n s seemed ( a t l e a s t t o some) t o be s o i n t r i n s i c a l l y a t t r a c t i v e t h a t e x t e n s i v e t h e o r e t i c a l i n v e s t i g a t i o n s were c a r r i e d o u t w i t h o u t t h e s l i g h t e s t s u p p o r t from e x p e r i m e n t a l d a t a . At t h e some t i m e , no one s p e c i f i c model seemed verycompelling, and i t was n o t c l e a r what s o r t o f experiment would p r o v i d e a r e a l l y cruc i a l t e s t of t h e s e g e n e r a l i d e a s . The r e c e n t e x p e r imental d i s c o v e r y of n e u t r a l c u r r e n t s h a s not subst a n t i a l l y changed t h i s s i t u a t i o n , a l t h o u g h o f c o u r s e it p r o v i d e s u s w i t h no end of encouragment, and a l s o s u g g e s t s t h a t t h e s i m p l e SU(2) Q U(1) model may a t l e a s t be a p a r t o f t h e f i n a l answer. W e s t i l l d o n o t know o f any o v e r -a l l model which is r e a l i s t i c , i n t h e s e n s e t h a t i t a g r e e s w i t h a l l e x i s t i n g d a t a , and i s a l s o n a t u r a l , i n t h e s e n s e t h a t t h e p a r a m e t e r s i n t h e t h e o r y do n o t have t o be c a r e f u l l y r i g g e d t o a c h i e v e even a q u a l i t a t i v e resemblance t o n a t u r e .
However we do now a t l e a s t have a good g e n e r a l i d e a of how t h e t h e n a t u r a l symmetries of t h e s t r o n g . i n t e r a c t i o n s could a r i s e i n c e r t a i n gauge t h e o r i e s of weak, e l e c t r o m a g n e t i c and s t r o n g i n t e r a c t i o n s .
Indeed, t h e a p p a r e n t e m p i r i c a l need f o r non-electromagnetic v i o l a t i o n s of i s o t o p i c s p i n s t i l l seems t o me t o be t h e b e s t argument f o r a u n i f i e d t h e o r y i n which weak a s w e l l a s e l e c t r o m a g n e t i c c o u p l i n g s a r e of o r d e r e . The d i s c o v e r y t h a t some of t h e s e combined gauge t h e o r i e s a r e a s y m p t o t i c a l l y f r e e f i t s i n v e r y w e l l w i t h t h i s g e n e r a l p i c t u r e , both because i t l e n d s s u p p o r t t o t h e non-Abelian gauge t h e o r i e s of s t r o n g i n t e r a c t i o n s , and because asymptotic f r e edom would a c t u a l l y a l l o w u s t o c a l c u l a t e t h e nonphoton c o r r e c t i o n s t o symmetries l i k e i s o s p i n . A l l i n a l l , w e a r e i n c r e a s i n g l y c o n f i d e n t t h a t i f we had t h e c o r r e c t weak and e l e c t r o m a g n e t i c gauge theor y , we would know how t o u s e i t . To me, t h e c o n t i n u e d f a i l u r e of t h e o r t s t s d e s p i t e a l l t h i s p r o g r e s s t o come up w i t h a s a t i s f a c t o r y d e t a i l e d model i n d i c a t e s t h a t we are probably m i s s i n g something fundamental,
p e r h a p s new fermions, o r new k i n d s o f weak i n t e r a ct i o n s , o r both. I n p a r t i c u l a r , t h e a p r i o r i p r e j ud i c e f o r simple r a t h e r t h a n merely semi--simple L i e groups s u g g e s t s t h a t SU(2) Q U(1) may be p a r t of a l a r g e r gauge group which g e n e r a t e s weak i n t e r a c t i o r s t o o weak t o have been s e e n y e t . I would b e t t h a t t h e experimentalists will solve these problems for us by discovering superweak interactions which violate more of the currently accepted truths about weak interactions. However, in the mean time, there is evidently a good deal for even theorists to do.
r i e s I 1 : Non Abellan ~l u o n s " , t o be p u b l i s h e d . I n an e a r l i e r v e r s i o n of t h e same work, asympt o t i c freedom was n o t demanded, and t h e s t r o n g i n t e r a c t i o n s were d e s c r i b e d by an A b e l i a n g l u o n t h e o r y ; s e e WEINBERG (S. 1, Phys. Rev. D8 (1973) 605. A v e r y s i m i l a r a n a l y s i s , c o v e r i n g b o t h A b e l i a n and non-Abelian gluon models, was independently developed by P;.M. MOHAPATRA, J. PAT1 and P. VINCIARELLI, Canonical E s t i m a t i o n of Weak R a d i a t i v e c o r r e c t i o n s i n U n i f i e d Gauge Theor i e s and S e l e c t i o n ~u l e s " , t o be p u b l i s h e d . Also s e e KUMMER (We) and LANE (K. ) , Phys. Rev. [71] WILSON (K.), Phys. Rev. 179 (1969) 1499. Many o f t h e remarks below were a n t i c i p a t e d i n Wilson's a n a l y s i s of t h e d i v e r g e n c e s i n e l e c t r o m a g n e t i c s e l f -e n e r g i e s . [77] "pseudo-olds stone bosons" a r e t h e bosons of s m a l l mass which a r i s e when some g l o b a l symmetry of part of t h e Lagrangian i s spontaneously broken. O r i g i n a l l y t h e term was c o i n e d t o d e s c r i b e t h e low-mass bosons which a r i s e when t h e polynomial P(%) i n t h e Lagrangian h a s a n a t u r a l symmetry group l a r g e r t h a n t h a t of t h e whole Lagrangian ; s e e WEINBERG (S.), Phys. Rev. L e t t e r s 29 (1972) 1698. I t i s used h e r e i n a somewhat d i f f e r e n t sense.
[78] The p i o n mass h a s been c a l c u l a t e d i n t h i s way f o r t h e o r i e s of t h e "~e r k e l e~" t y p e by WEINBERG (S. 1, " c u r r e n t Algebra and Gauge Theor i e s III", p a p e r i n p r e p a r a t i o n . The method u s e d h e r e is e s s e n t i a l l y t h a t of DAS (T.), GURALNIK (G.S.), MATHUR (V.S.), LOW (F.E. 1, YOUNG (J.E.), Phys. Rev. L e t t e r s 18 (1967) 759 w i t h t h e d i f f e r e n c e t h a t c a n c e l l a t i o n s between weak and e l e c t r o m a g n e t i c i n t e r a c t i o n s y i e l d f i n i t e r e s u l t s whether o r n o t t h e second s p e c t r a l f u n c t i o n sum r u l e i s s a t i s f i e d . I n c a s e s l i k e t h e p i o n e l e c t r o m a g n e t i c mass d i f f e r e n c e , where t h e r e a r e no o r d e r a weak c o n t r i b u t i o n s , t h e second s p e c t r a l f u n c t i o n sum r u l e must b e and i n f a c t i s s a t i s f i e d .
(Also s e e WILSON (K. ), r e f . [ 4 1 ) .
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